This paper develops a face milling planning method to reduce surface height variation based on the high definition metrology (HDM). HDM provides high-lateral resolution data over an area up to 300×300 mm 2 . The measurement results on production engine head surfaces reveal a strong correlation between the surface height and the effective material removal rate (eMRR) along the cutting path. Such a correlation can be explained by a cutting force model which verifies that the surface variation is attributed to the axial cutting force variations, and the axial force is proportional to the eMRR. This paper proposes a machining algorithm that minimizes eMRR to reduce the cutting force variation by altering the feed rate and cutter path, thereby reducing the surface height variation. The varying feed approach can eliminate one surface pattern in the case study without significantly changing the cycle time. The optimized cutter path results in 25% reduction in zone flatness on the other surface pattern. This improvement demonstrates the potential of the eMRR based approach in attaining costeffective high-precision machining. The method may also be extended to a wide range of face milling applications.
INTRODUCTION
Automotive powertrain components with large sealing surfaces, such as engine heads/blocks and transmission valve bodies, have become increasingly stringent with the quality of surface flatness to reduce the warranty cost due to functional performance problems such as leakage or bore distortion. The high precision requirement of the surface quality control entails a high-definition metrology (HDM) system that can collect high density data over a large surface area [1] .
The state-of-the-art surface metrology falls short of offering such a capability. In-plant surface measurement systems include coordinate measurement machine (CMM) and profilometer. The CMM is a contact-based inspection tool to scan the surface with pre-determined paths and report the surface flatness or span flatness as defined by geometric dimensioning and tolerancing (GD&T). The inspection results determine both the surface quality and the timing for tool change. The profilometer is capable of capturing fine-scale surface features. However, both contact metrology systems have long measurement cycle time and limited scanning range. In addition, conventional HDM systems, such as optical profilometer, have small measurement range and low scanning speed. As such, they are not appropriate to inspect large machined surfaces in powertrain manufacturing.
A laser holographic interferometer HDM system has been invented to fill the gap. Such a HDM system can generate millions data points to visualize the surface for post analysis or display. Figure 1 shows an example measurement of an engine head after the finishing face milling. It exhibits two surface patterns. Pattern 1 is the periodic bumps along the feed direction surrounding cylinder bores on the firing deck. Pattern 2 is the surface singularity, the height jump on the wing section. Such singularity could increase the surface span flatness (i.e., zone flatness) and lead to a tool change when the span flatness exceeds certain threshold value. The height jump can also significantly affect the sealing performance in assembly. These issues have not been investigated by other researchers due to a lack of HDM system for large surfaces. 
FIGURE 1 (A) DEFINITIONS OF FIRING DECK AND WING SECTION ON A V6 ENGINE HEAD AND (B) THE HDM MEASUREMENT RESULT
Research on face milling process has been mostly focused on surface roughness [2] [3] [4] , spindle speed-induced vibration [5, 6] , and overall flatness [7] due to part elastic deformation, but none has reported the surface errors in the zone flatness level as Patterns 1 and 2. These surface patterns can be explained by the correlation observed between the surface height and the cutter arc length in contact with the surface, as shown in Fig. 2 where the singularity on wing section presents between positions 1 and 2, and the bump on the firing deck is between positions 3 and 4. As can be seen, the surface height is low at areas where there is less cutter contact with the machined surface (positions 1 and 3), and high at areas when the cutter has more contact with the surface (positions 2 and 4). Such local surface variation results from the dramatic change of cutting forces when the cutter passes over the surface features, such as cylinder bores and coolant injection holes. Since cutting forces are theoretically proportional to the arc length, the feed per revolution, and the depth of cut, adjusting the feed rate or cutter path can compensate for the variation induced by the arc length. As such, this paper proposes a concept of effective material removal rate (eMRR) and develops an eMRR-based machining method for surface variation reduction.
The adaptive machining with feed and path optimization based on the workpiece local geometry has been widely studied and applied in end milling to reduce cutting force and vibration induced surface errors [8] [9] [10] . However, this technique has rarely been applied in face milling process due to the cutter size limitation. Tai et al. [11] proposed a cutting depth approach to compensate for the overall flatness error, but this approach is limited to an originally concave machined surface, and not applicable on the local variation as in Fig. 1 . Also, the axial motion of cutter was found to result in significant gouging on the surface, as shown in Fig. 3 (X=75mm) , and this phenomenon limits the application of this approach. This paper proposes a machining planning algorithm adaptive to the surface geometry based on HDM data. To control the eMRR, optimizing cutter path on the cutter radial plane (X-Y plane) is one option. However, this method may only be applied in the cutter entry or exit areas since the significant cutting path change on the firing deck (e.g., zigzag or S shape) can potentially cause: (1) severe cutting marks on the surface due to the nature of the intended spindle tilt in production machines, and (2) longer machining cycle time compared with a straight path. Alternatively, varying feed rate would be considered a primary method for surface variation reduction in face milling. Thus, the applications of the algorithm will be demonstrated based on changing the cutter entry path and varying the feed rate. Cutting force modeling is conducted to interpret the correlation between the surface height and eMRR in Fig. 2 . Case studies are conducted to demonstrate the variation reduction on the bridge areas (Pattern 1) and the wing section (Pattern 2) of a V-6 engine head. The algorithm of the proposed eMRR based machining planning can be extended to the face milling of a variety of parts.
The paper is organized as follows. Section 2 conducts cutting force modeling to interpret the correlation and give an overview of the approach. Section 3 presents the method of compensating for the variation Patterns 1 and 2. Some issues to practitioners such as programming restrictions of varying feed in CNC machines are also described. In Section 4, the proposed methods are validated by case studies. Section 5 discusses the potential side effect of the proposed approach and future modifications.
MODELING OF THE eMRR-INDUCED SURFACE VARIATION
This section conducts cutting force modeling to interpret the correlation between the eMRR and surface height.
The surface variation in face milling is due to complicated dynamic and static interactions among cutter, spindle, workpiece, and fixture which cause small deformation when cutting takes place. The hypothesis is that the higher axial cutting force pushes the workpiece apart from the cutter, and thus results in higher surface profile. The axial cutting force in face milling can be calculated through cutting force models as discussed by [12] [13] [14] . Figure 4 is the simulation of cutting force for machining on an engine head deck face ( Fig. 1 ) using the Production 2D Module of the Third Wave System ® . The oscillating force profile is caused by the surface geometry and features (cylinder bores and coolant/oil holes). Such variation of force can be approximated by the cutter arc length in contact with the surface, which is proportional to the number of teeth engaged in cutting. It can be seen from Fig. 4 that the arc length over the cutting position is strongly correlated to the average force. The correlation coefficient between these two variables is 0.98. 
FIGURE 4 SIMULATED AXIAL CUTTING FORCE AND CUTTER CONTACT ARC LENGTH ALONG THE PATH
The arc length multiplied by depth of cut and feed per revolution is defined as the eMRR in this study. The cutter force is theoretically proportional to the eMRR since the feed and depth of cut define the chip cross-section area, which is proportional to machining forces in orthogonal cutting [15] . With fixed feed and depth of cut, the eMRR would be proportional to the arc length (Fig. 4) . Different from the physical material removal rate calculation which uses workpiece width instead of arc length, the eMRR is intended to reflect the cutting force change being correlated to the surface variation.
The HDM data is presented in the form of X, Y, and Z under Cartesian coordinate, where X, Y define the position of each pixel captured by the system and Z is the measured height. The pixel interval is set 0.5 mm in this study (minimum 0.15 mm). Thus, the arc length is extracted by counting the number of pixels on the cutter circumference using the HDM data. As the example in Fig. 5 where the cutter center is at (X=100 mm, Y=56 mm), the pixels with the distance of cutter radius 120mm±0.25 mm (half pixel interval) to the cutter center are counted. The conversion of the number of pixels to a real length is calibrated by a given contact length. The arc length change along the cutter path therefore can be estimated using this algorithm. This approach has been proven to be consistent with the CAD software, and can be automated for different paths. 
FIGURE 5 ARC LENGTH ESTIMATION METHOD
To correlate the surface height with the eMRR along the cutting path, an average surface profile, determined by averaging the height data on the cutter circumference at each cutter position, is used. The average height profile of Fig.1 on the firing deck is shown by the dashed line in Fig. 6 . Note that an overall concave trend can be observed on this profile, which is a common shape on large milled surfaces due to workmaterial residual stress and thermal expansion [16] [17] [18] . Since this concave pattern is not caused by the arc length variation, it is removed for the correlation analysis of the eMRR-induced surface variation. This concave trend can be obtained by fitting a quadratic surface to the data and should eliminated by subtracting this quadratic profile from the original average surface profile, as illustrated in Fig. 6 . The modified surface profile will be used to estimate eMRR variations.
By comparing the eMRR (or the arc length in Fig. 4 ) and the modified surface profile (Fig. 6 ) on the firing deck, a strong linear relationship of R-square = 0.90 can be drawn in Fig 7(a) . The same procedures can be applied to find the correlation on the wing section. An highly linear correlation of R-square = 0.95 also presents in the wing section as shown in Fig. 7 (b). Based on these correlations, surface variation reduction can be potentially achieved by controlling the eMRR along the cutter path. 
HDM-BASED MACHINING FOR SURFACE VARIATION CONTROL
This section presents the machining method to reduce surface variation by controlling the eMRR across the machined surface.
Methodology Overview
The goal of the proposed machining planning method is to seek an appropriate way(s) of minimizing the eMRR (or axial cutting force) variation as the cutter moves along the feed direction. Assuming that the cutter center locates at x, the objective is to minimize the standard deviation σ of the eMRR along the path x or certain direction of interest
where D represents data cloud that reflect design of the surface to be machined, S(x,D) is a set of adjustable parameter(s) that can control the process. The objective function is subject to practical constraints including 1. Cycle time constraint
where T is the machining time and T 0 is the expected cycle time.
Cutter-spindle movement inertia constraint
where A could represent machine acceleration or inertia force and A 0 is the upper limit of the value associated with the CNC machine tool. A large A could cause vibrations or shorten the tool life. 3. Surface texture constraint
where R could refer to surface texture metrics such as waviness and roughness R a , and R 0 is the upper limit. A change in eMRR and axial cutting force could yield different relative displacement between the cutting insert and workpiece, causing degradation of surface quality. Potential adjustable variables for the S include the spindle speed, depth of cut, feed rate, and cutter path. However, the depth of cut could lead to the gouging problem (see Introduction) while varying the spindle speed may potentially consume a lot of power and shorten the bearing or motor lifetime as not recommended by our machine tool supplier, MAG powertrain. This paper only discusses the applications of the formulation (1)-(4) based on the varying feed rate and cutter path methods. However, for a machining process with smaller cutting load, other means of the adjustment could be considered.
Varying feed rate approach
Assuming the original constant feed rate is f and the total cutter travel length is l, the cycle time t 0 is equal to l/f. The arc length over the traveling path is described as a function of cutter position, K(x); thus, with a constant depth of cut, the varying feed rate f v which compensates the eMRR change is 0 0 ) (
where f v (x) times K(x) is a constant and f v produces the same cycle time t 0 . The ideal varying feed rate in Eq. (5) is a continuous function of position (i.e., f v (x)), but it cannot be programmed on most of conventional CNC machines. In practice, the feed rate has to be approximated by step functions. Figure 8(A) shows a schematic example of calculated ideal varying feed, f v (x), along the cutting path. The f max is the maximum feed rate, which is defined based on the required surface roughness, insert type, and work-material. The procedure to extract programmable path can be summarized as three steps. Step 1 converts the continuous function f v (x) into a triangular wave function f tr (x), by connecting the points at which the slope equals zero (i.e., f v (x)/dx=0), as x a , x b , and x c , shown in Fig. 8(A) . The start and end points, x 0 and x 5 , remain the same. In practice, f v (x) may have many connecting points, so a threshold, which keeps the minimum interval between points, can be defined to avoid extremely fine steps in the program.
Step 2 converts the f tr (x) into a step function f sq (x) to program in a CNC controller. In this step, the mid-point between every two adjacent valley or peak points in Fig. 8(A) are extracted and connected, as x 1 , x 2 , x 3 , and x 4 shown in Fig.  8(B) . The maximum feed in f sq (x) cannot exceed a critical feed rate, f c , to allow the space between f c and f max for cycle time adjustment. Since the conversion from f(x) to f sq (x) must affect the machining cycle time, Step 3 is to shift f sq (x) by a proper amount f d to maintain the original cycle time t 0 . The cycle time for the step feed rate function f sq (x) is
where N is the total number of steps. It equals five in this example. Thus, the feed adjustment f d has to satisfy
Cutter entry path planning Under certain scenario, adjusting the feed rate is not always practical. For example, it is not appropriate for reducing the variation Pattern 2 on the thin wing section (with much fewer materials) since a much higher f v is needed to compensate for the loss of the eMRR. The high value and sudden change of f v may lead to poor tool life and increase surface waviness and roughness. Thus, a modification of cutter entry path is proposed to reduce the Pattern 2 variation.
FIGURE 9 CUTTER ENTRY PATH PLANNING ON A ENGINE HEAD
A generic path of the cutter center can be represented by a smooth spline curve c(x) such as
where P i (t) is a polynomial mapping [x i-1 , x i ] to R; and δ is an indicator function which assumes 1 when x belongs to [x i-1 , x i ] and 0 otherwise.
Although the spline path creates flexibility when dealing with the eMRR, this paper focuses only on straight and arc paths in the case study with Ford as these paths are conveniently available in CNC machine controllers and do not require multiple G-code lines to form a spline curve. The multiple G-code lines executing one path potentially lead to the undesired feed rate changes thus causing surface singularity problem such as a gouging or divot. More complex cutter paths will be investigated in our future study. Figure 9 shows the configuration of cutter entry path where there are five variables are considered: start point (x 0 , y 0 ), transition point (x t , y t ), and the entry arc radius, R. The transition point is where the cutter transits to a straight path. A curve entry is able to provide smooth transition compared to multiple straight lines. Since the transition y t is usually fixed and controlled by the followed straight path position on the firing deck, the total variables would be four. If x 0 =x t and y 0 =y t , a straight entry path is presented. When the cutter path R approaches infinity, the curve changes to a straight path.
Since the wing section can be regarded as several separate regions, an individual calculation is needed in order to estimate and reduce the height variation on the region of interest, such as traces 1 or 2 in Fig. 9 . Therefore, the corresponding eMRR on designated paths is considered in the wing section cutter entry planning instead of the eMRR as a function of path (i.e., Fig. 10 and Eq. (9), the corresponding eMRR at Point A, m(x A ), is extracted by the eMRR at Point B with the distance of a cutter radius (D/2) to Point A. Figure 8(B) is an example of the corresponding eMRR along Trace 1 represented by the number of pixels extracted from HDM data. The feed (f) and depth of cut (a p ) are both constant. 
K(x)f(x) per unit depth of cut). As illustrated in

B) FIGURE 10 (A) AN ALGORITHM TO CALCULATE THE CORRESPONDING eMRR CHANGE ON TRACE 1 AND (B) THE RESULT
Based on the linear correlation between the surface height and eMRR (Fig. 7) , the surface variation on each trace can be estimated by the standard deviation, denoted as S, of the corresponding eMRR data. Thus, the objective function can be created by the summation of S on all targeted traces with given weight function or simply the average as shown in Eq. (10):
where N is the number of traces, and S i is the standard deviation of the corresponding eMRR on trace i. The goal of this approach is to identify a cutter path that achieves a smoother eMRR transition when the cutter moves from the wing section to the firing deck.
CASE STUDIES
This section presents two case studies to validate the proposed methods in reducing variation Patterns 1 and 2, respectively. Case study 1: Varying feed rate approach (Pattern 1 variation)
The experimental validation was conducted on a Cincinnati HMC400 horizontal machining center using a 101.6 mm (4 inch) face mill with eight carbide inserts. The workpiece was made out of a 38 mm thick 2024 T6 aluminum plate by a waterjet machine with an exact geometry of a production V6 engine head (but different type from Figure 1 ). Since the cutter diameter is 42% of the production cutter size (240mm), the workpiece was scaled down accordingly and the coolants holes were eliminated, as the final setup shown in Fig. 11 . The workpiece was mounted on a cast iron adapter plate before and after machining, and also during the surface measurement to eliminate the deformation caused by clamping and material residual stress. The feed and spindle speed were 0.12 mm/tooth and 3500 rpm, respectively, as a comparison baseline. The depth of cut was 0.38 mm for a finish cutting. The total cutting length is 190 mm including the workpiece length and the cutter entry and exit distance, and the cycle time for this case is 3.4s.
To generate the ideal varying feed rate f v (x), the workpiece surface geometry was first captured by the holographic laser measurement machine (Shapix, Coherix Inc., MI) as a 2-D matrix. The algorithm was applied along the designated cutting path to extract the arc length change across the surface K(x), as explained in Sec. 3. The ideal varying feed rate was therefore calculated as shown in Fig. 12(A) , where the maximum feed rate was over 10,000 mm/min due to very small arc length at the entry and exit areas. The cutter start point was 50.8 mm away from the workpiece top edge. The triangular feed rate function f tr (x) was calculated using a minimum interval of 15 mm to avoid frequent feed change. In this experiment, the maximum feed rate was set at 5080 mm/min to allow theoretically the most 50% increase in R a (the original feed rate was 3360 mm/min). The calculated step-function (f sq (x)) and the final programmable step function with cycle time compensation (f sq (x)+f d ) were presented in Fig. 12(B) . Four machining tests, including two with constant feed rate and two with varying feed rate, were conducted. Measurement was taken after each cutting and the results were repeatable for the same condition. Figure 13(A) shows the measured surfaces from the constant feed rate and the varying feed rate, respectively. Despite not exactly the same surface groove as observed in the production process (Fig. 1) , the result of the constant feed rate still displayed Pattern 1 variation -higher profile at the entry, exit, and the regions between bores. This phenomenon demonstrates that this experiment design is appropriate to evaluate the proposed varying feed rate approach. Although overall flatness produced by varying feed rate was similar to that in constant feed rate (20 µm), the higher profile between bores were significantly reduced. Using one constant feed rate result and one varying feed rate result as a comparison pair, the surface profile along the selected path next to the combustion chambers (shown in Fig. 13(A) ) was extracted and overlaid to each other in Fig. 13(B) . The standard deviation of the 904 data points on the path shows 16% reduction from constant feed rate case, which further verifies the improvement by this method. While the reason for less effect on the overall flatness is due to that the peak and valley points are not located at where the varying feed rate aims to compensate for. 
FIGURE 13 COMPARISON BETWEEN CONSTANT FEED RATE AND VARYING FEED RATE ON (A) ENTIRE MEASURED SURFACE AND (B)
HEIGHT PROFILE ALONG THE DESIGNATED PATH Case study 2: Optimal cutter entry path (Pattern 2 variation) This case study was conducted using a production V6 engine head (Fig. 1) in Ford Cleveland Engine Plant to compare the wing section surface variation with and without cutter entry path planning. In this experimental trial, x 0 was fixed due to the machine space limit, and y t was determined by the followed straight path. The cutter must start from y 0 ≤ y t due to the operating space constraint. To create a smooth transition from the arc to the straight path, a quarter circle (90° arc) was considered, and thus y 0 = y t -R and x t = x 0 + R. The only variable in this case study was the entry arc radius, R.
Two traces shown in Fig. 9 are the designated paths for CMM to determine the span flatness in wing section, thus it is important to reduce the height variation along the traces. The corresponding eMRR on the two traces were described as S 1 (R) and S 2 (R). Figure 14 shows the results of S 1 and S 2 by varying R from 20 to 160 mm with 5 mm interval, and the minimum occurs when R equals 125 mm. Figure 15 is the comparison between the new cutter entry path using R=125 mm (dashed line) and the original path (solid line). The original path was suggested by the machine tool supplier and no further information was available for this design. 
FIGURE 15 THE ORIGINAL AND THE OPTIMIZED CUTTER ENTRY PATH
In this experiment, at least three the same parts were machined with the original path and the optimized entry path, respectively. Since the results are repeatable, Fig. 16 simply shows one part from each condition to compare the improvement by the optimized path. From the 3-D contour plot, the lower areas (blue color) on two traces were obviously eliminated. The standard deviation of the height data was reduced by 25% on trace 1 and 20% on trace 2 using the optimized entry path. The span flatness in wing section was reduced by in average 25-30% in three tested parts. 
DISCUSSIONS
This section discusses the effect of varying feed rate on the surface texture (i.e., roughness), and the potential modifications for varying feed and entry path approaches in real practice.
Effect of varying feed rate on surface roughness
The roughness of machined surface was measured by Talysurf profilometer (Taylor Hobson, UK) in seven assigned regions (R1 to R7). The results of varying and constant feed (denoted as Test V2 and C2, respectively) are shown in Fig. 17 where arc drawing is the cutter front edge when the feed rate is changed.
The R a in Test C2 is fairly consistent across the regions with the average of 0.46 μm and the standard deviation of 0.05 μm. As expected, the roughness values in Test V2 are mostly higher than those in C2 due to the feed rate change, particularly in regions where higher feed rate is used, such as R2 and R6, or multiple steps take place, such as R5. In some regions, R a performs equal or slightly better in Test V2 likely due to smaller feed rate across the region, such as R3. In general, the R a based on 20 mm measurement length shows acceptable result with the worst 30% increase, less than the set upper limit 50%. However, depending on the data analysis length, the R a could be different since the feed rate changes frequently across the surface. A continuous screening method with various data lengths or multiple paths covering entire surface might be developed for the future study. As very low impact on the surface texture by varying feed in the small-scale experiments, the next step is to conduct the trial in production machine to further demonstrate the feasibility of this approach in production. Combination of varying feed rate and optimal cutter entry path In this study, path modification and varying feed rate were considered as two separate processes in sequence. That is, the feed adjustment is always started after the cutter center enters the straight path (i.e., the transition point), as shown in Fig. 18 . Although modified entry path can eliminate the singularity on wing traces, it could not reduce the bumps on the firing deck (Fig. 1) . Thus, ideally, the varying feed rate method should be implemented when the cutter hits the firing deck prior to the transition point, as shown schematically in Fig. 18 .
A combination of the two methods by simultaneously changing position and feed rate can potentially lead to a better solution to the eMRR variation reduction. But the major concern is that the acceleration and deceleration occurring in both X and Y axes during circular interpolation, which may cause poor surface textures such as cutting marks. Generally, the severity of this concern depends on the machine capability, and the range of feed rate change or position change. More future study is needed to identify the possible integration settings to overcome this barrier. 
FIGURE 18 AN INTEGRATED FACE MILLING APPROACH WITH BOTH CUTTER ENTRY AND FEED RATE OPTIMIZATION
Hammock shape reduction As mentioned in Fig. 6 , there exists an overall shape across the surface that is likely due to the residual stress of the workmaterial. Since the varying feed rate has been demonstrated to adjust the surface height, it may also be used to compensate for the hammock pattern. For example, lower feed rates are used at entry and exit, and higher feed rate is used for the rest of area. Since residual stress varies from one material to another and also depends the tool condition, experiments should be conducted to identify the proper feed rate for hammock shape reduction. Eventually, this feed rate can be superimposed onto the varying feed rate for firing deck surface variation reduction to compensate for both hammock shape and Pattern 1 variation.
CONCLUSIONS
Using the HDM, this paper proposed a face milling algorithm to reduce the surface height variation by minimizing the eMRR variation along the cutter path. The applications of the algorithm are demonstrated using an example of engine head deck face machining processes.
In this case study, two types of surface variation patterns were revealed by the HDM data including the periodic bumps surrounding bores on the surface (Pattern 1), and significant height jumps on the wing section (Pattern 2). The cause for these patterns was proven related to the cutting force, which is proportional to the eMRR. A varying feed rate method was developed to compensate for the surface variation pattern 1. In a lab scale test, the approach was proven to effectively remove bumps near bores on a machined surface without significantly impacting surface roughness. The method to create programmable G-code was also discussed. The variation pattern 2 is dealt with by entry path planning to reduce jumps as the cutter moves from the thin wing section (small eMRR) to the firing deck (large eMRR). Considering availability of the CNC machine deployed in a Ford engine plant, only arc or inclined straight path were considered. The optimal cutter path was identified to be an arc path with a radius of 125 mm. The real in-plant data have shown that this approach enhanced the maximum surface span flatness effectively by 25-30%, thereby potentially stretching the tool change interval and saving costs.
More details will need to be taken into account when it comes to a real scale validation of combining both approaches, such as spindle inertia or short dwelling between feed rate or path change. Most of modern controllers would be able to implement the next G-code line by ramping up or down the feed rate, while the traditional controllers which often have dwelling between codes are not capable for this application. In addition, the varying feed rate method may not be suitable for thin and large surface, such as automatic transmission valve body. In this case, the residual stress and clamping distortion may be more significant than the force-induced surface variation. Other compensation approaches, such as cutting depth or clamping control may be used instead.
It is worth noting that the idea of the eMRR based machining planning can be applicable for a broad range of face milling applications. The method offers a cost-effective way of high-precision machining of parts with complex geometry.
